1. Introduction
===============

Nanotechnology is the science of engineering materials that have at least one dimension at the nanometer scale (1--100 nanometers) ([@b1-epj-08-2531]). By the use of nanotechnology, we can make structures with new characteristics that are attributable to their nanometer dimensions ([@b2-epj-08-2531]). One of the fastest growing fields in nanotechnology is nanocomposite food packaging, which is a good alternative for conventional packaging ([@b3-epj-08-2531]). Usually, composites are composed of a polymer matrix or a continuous phase and a discontinuous phase or filler ([@b4-epj-08-2531]). Nanocomposites are made by the incorporation of nanofillers that have nano-scale lengths in at least one dimension. In the last few decades, the use of synthetic polymers in food packaging has increased significantly because they are versatile, inexpensive, easy to process, and lightweight ([@b5-epj-08-2531]). However, plastic polymers are not biodegradable, so they cause environmental problems because it can take hundreds of years for them to be completely degraded. Since these polymers cause environmental pollution, researchers have been trying to develop new packaging materials that degrade more quickly ([@b6-epj-08-2531]--[@b8-epj-08-2531]). Biopolymers originate from natural polymers, such as polysaccharides and proteins, and they have attracted widespread attention over the last decades because they are biodegradable. Unfortunately, there are some restrictions on the use of biodegradable or natural polymers in food packaging since they can be poor barriers and have adverse mechanical properties ([@b9-epj-08-2531]), making them unsuitable for packaging foods. Obviously, in order to increase the shelf life of food, packaging must have low permeability to gases, such as oxygen and water vapor. However, biopolymers are not good barriers to water vapor because of their hydrophilic nature.

Diverse methods can be used to improve the barrier properties of natural polymers, including the use of polymer blends, high-barrier coating materials, and multi-layered films that contain a high-barrier film ([@b5-epj-08-2531]). In addition to these strategies, a novel technique for this purpose is the use of nanocomposites in food packaging. Nanocomposites improve barrier properties and have a positive impact on the thermal and mechanical characteristics of the packaging material ([@b10-epj-08-2531]). However, the main concern about applying nanotechnology in food packaging is related to the tiny sizes of the particles of nanomaterial, which can cause them to have different chemical and physical properties than their macroscale chemical counterparts ([@b3-epj-08-2531]), giving them the potential for causing health problems. In this article, first, we explain briefly the different potential applications of nanocomposites in food packaging. Second, we introduce techniques for analyzing them. Third, we discuss the important concerns that nanocomposites may potentially be hazardous materials; which would preclude their use in packaging food.

2. Discussion
=============

2.1. Important nanoparticles
----------------------------

To date, many nanoparticles have been identified as fillers for making polymer nanocomposites to improve their packaging performances ([Table 1](#t1-epj-08-2531){ref-type="table"}) ([@b11-epj-08-2531]). Among them, clays and silicates have attracted significant attention due to their layered structures. This is because of they are abundant, inexpensive, easy to process, and provide considerable enhancements ([@b12-epj-08-2531]). There are three main polymer-clay morphologies, i.e., tactoid (or phase separated), intercalated, and exfoliated ([@b13-epj-08-2531]). In the tactoid structure, which usually occurs in microcomposites, the polymer chains and the clay gallery are immiscible because they have poor affinity for each other. Nanocomposite structures do not display this morphology ([@b14-epj-08-2531]). In ideal polymer-clay nanocomposites, high affinity would exist between the polymer and clay, leading to exfoliated structures in which polymer chains penetrate into the interlayer space of the clay, making single sheets. If the clay shows a moderate affinity for the polymer, the results would be intercalated structures ([@b5-epj-08-2531]). In the literature, there are reports of other particle fillers being used, including silver, zinc oxide, titanium dioxide, carbon nanotubes, graphene nanoplates, copper, and copper oxides. It is reported that graphene nanoplates (GNPs) are able to form nanocomposites with improved heat resistance and barrier properties, making them a great option for food-packaging applications ([@b15-epj-08-2531]). Carbon nanotubes (CNTs) are another type of carbon-based nanoparticles that have good electrical and mechanical characteristics. However, their use has been hindered, mainly due to their high cost and the difficulty in processing dispersions ([@b5-epj-08-2531]). Copper, copper oxide, titanium dioxide, zinc oxide, and silver have been used mainly for their anti-microbial properties ([@b16-epj-08-2531]).

2.2. Nanocomposites as degradable improved packaging
----------------------------------------------------

Currently, there is significant interest in developing different packaging materials because of the increasing demand for foods with minimum processing and longer shelf life. Obviously, such new packaging materials must have excellent barrier properties to prevent the migration of oxygen, carbon dioxide, water vapor, and flavor compounds. This will have a major influence on the shelf life of fresh and processed foods ([@b5-epj-08-2531]). In the case of using biopolymers, lowering water vapor permeability is especially important due to their hydrophilic nature. However, by the aid of nanocomposite technology, this inherent defect of biopolymer-based packaging materials can be conquered. In many cases, it has been reported that the barrier properties can be improved by about 50% compared to the properties of the neat polymer ([@b5-epj-08-2531]).This is because of the creation of a maze structure results in a tortuous path for gases and other molecules, thereby reducing their permeation rate ([@b17-epj-08-2531]). Studies have indicated that incorporating nanocomposites in food packaging materials results in better mechanical and thermal behavior of the packaging ([@b9-epj-08-2531], [@b18-epj-08-2531], [@b19-epj-08-2531]). For instance, researchers have reported that engineered nanocomposites of biopolymer-layered silicate have noticeably enhanced physical properties, such as higher tensile strength, enhanced thermal stability, and better gas barrier properties ([@b14-epj-08-2531], [@b18-epj-08-2531], [@b20-epj-08-2531]--[@b23-epj-08-2531]). By using nanocomposites, the food packaging can better tolerate thermal stress of food processing, shipping, and storage ([@b18-epj-08-2531]). Although traditional composite structures may have large amounts of filler (approximately 60% by volume), nanocomposites usually represent significant changes in properties at quite low loads, i.e., less than 2% volume. It is also suggested that, for achieving the best effects of the final nanocomposites, around 5 wt% of fillers is generally desirable ([@b5-epj-08-2531]). There is adequate evidence proving other benefits of nanocomposite food packaging, e.g., improved stability of sensory properties, such as flavor, better maintenance of color and texture, increased product stability through the food chain, and less spoilage ([@b9-epj-08-2531]). Biopolymers can be derived from plant materials as well as animal and microbial products, such as polyhydroxybutyrate ([@b5-epj-08-2531]). Among these biopolymers, starch ([@b10-epj-08-2531], [@b18-epj-08-2531], [@b24-epj-08-2531], [@b25-epj-08-2531]), cellulose, and their derivatives ([@b12-epj-08-2531], [@b26-epj-08-2531], [@b27-epj-08-2531]), as well as proteins ([@b21-epj-08-2531], [@b28-epj-08-2531]--[@b33-epj-08-2531]), have been used extensively by many researchers to make bio-based nanocomposites. The most-reported biodegradable nanocomposite is starch-clay, which has been investigated for several applications including food packaging ([@b10-epj-08-2531], [@b24-epj-08-2531], [@b25-epj-08-2531], [@b34-epj-08-2531]--[@b37-epj-08-2531]).

2.3. Nanocomposites in active packaging
---------------------------------------

Some nanofillers, such as silver, zinc oxide, and magnesium oxide, have antimicrobial or antioxidant activities. Incorporation of these nanofillers in polymer or biopolymer matrices leads to an inhibiting or retarding effect on the growth of microorganisms, thereby reducing food spoilage ([@b3-epj-08-2531]). The main goal of active packaging systems is extending the product's shelf life. They can also be designed to improve food quality and safety and finally result in less food waste ([@b38-epj-08-2531]). Anti-microbial nanocomposite films are worthwhile because of their anti-microbial properties caused by natural anti-microbial agents and because of their suitable structural integrity, which results from the barrier properties created by the nanocomposite matrix ([@b39-epj-08-2531]). Nanoscale materials have a higher surface-to-volume ratio than their microscale counterparts, and, therefore, they are able to attach to a vast number of biological molecules, which enhances their efficiency ([@b40-epj-08-2531]). Previous reports have identified potential applications of nanocomposites as growth inhibitors ([@b41-epj-08-2531]), bacteriocides ([@b24-epj-08-2531]), and antibiotic carriers ([@b42-epj-08-2531]). In addition to the application of nanocomposites as packaging materials, they also can be used as delivery systems by helping the migration of functional additives, such as minerals, probiotics, and vitamins into the food ([@b43-epj-08-2531]). These controlled-released packagings are another example of a nanomaterial application in active packaging. Many anti-microbial nanocomposites used for food packaging are made from silver, which has an intense toxicity to a large variety of microorganisms ([@b44-epj-08-2531]). Authors have suggested different mechanisms for the anti-microbial activity of silver nanoparticles, such as increasing cell permeability through the attachment to the cell surface and making pits in the membranes ([@b45-epj-08-2531]), damaging DNA followed by nanoparticle penetration inside bacterial cell ([@b46-epj-08-2531]), and the release of Ag+ ([@b47-epj-08-2531]). Active nanocomposites are advanced alternatives to conventional active plastic technologies or active sachets for the extension of the quality and safety of packaged food products. The term 'active nanocomposite' generally refers to a plastic composite (i.e., a polymer blend) that contains an active, nanostructured material that confers an activity on the plastic matrix ([@b11-epj-08-2531]). At least one of the dimensions of the active nanostructured material must be less than 100 nm in size. Nanoclays can be used as carriers for the active agent. The efficacy of the active agent is enhanced because it is highly dispersed in the polymeric matrix and, hence, exposed more efficiently to the substance on which it is required to act.

2.4. Nanocomposites in intelligent packaging
--------------------------------------------

Intelligent packagings are able to communicate with the consumers and give information about the product condition through the food chain. These packagings can monitor, trace, or record outer or inner changes that are occurring in the product or its environment ([@b3-epj-08-2531]). By applying reactive components in the form of nanoparticles and making so-called nanosensors, the packaging will be able to respond to environmental changes, such as temperature, the presence of oxygen, deteriorated products, and microbial contamination ([@b48-epj-08-2531]). Through the incorporation of nanosensors into food packaging, detection of certain chemical compounds, pathogens, and toxins in food would be possible. This also fulfills the need for inexact expiration dates, which, in many cases, are not suitable for the products due to false estimation of product condition during storage. So they provide real-time status of the food's freshness ([@b49-epj-08-2531]). These sensors have many advantages over the costly and time-consuming conventional detection methods, such as High-performance liquid chromatography (HPLC). This includes their speed, high-throughput detection, ease of operation, cost effectiveness, and decreased power requirements ([@b50-epj-08-2531]).

2.5. Analyzing techniques of nanomaterials
------------------------------------------

Discussing the potential risks of nanoparticles for consumers requires thorough insight about their characteristics ([@b3-epj-08-2531]). For the characterization of nanocomposite structures, aspects that are more likely to be considered are particle dispersion, changes in the mass matrix, and the type of particle--polymer interface ([@b5-epj-08-2531]). Detecting the migration of nanomaterial into food matrices requires more sensitive analytical techniques due to the complexity of the nanomaterials and their representing only a very small portion of the bulk food. Detection of this material in complex matrices, such as food, requires combined methodologies, since no individual technique can give all the detailed information. Microscopic, spectroscopic, and quantitative analytical techniques are all useful for this purpose. Transmission electron microscopy (TEM), scanning electron microscopy (SEM), and atomic force microscopy (AFM) are good examples of microscopic methods, each of which has its own advantages and disadvantages. By these methods, nanoparticles' general features, such as size, shape, structure, dispersion, and coagulation state, are accessible. However, these techniques usually are destructive, meaning that verification tests for a better analysis are not feasible on the same sample ([@b3-epj-08-2531]). Spectroscopic techniques, such as X-ray diffraction (XRD) and UV-vis spectroscopy, can be used for characterization and analysis of nanomaterial as well. XRD, both wide angle (WAXS) and small angle (SAXS), are the conventional methods that are used to examine nanocomposite structures ([@b5-epj-08-2531]). Elemental composition or the crystalline arrangement of nanomaterials, both in natural and engineered form, can be investigated by the XRD technique ([@b3-epj-08-2531]). Despite microscopic methods, this technique is not destructive, and there is no need for difficult sample pretreatment. These attributes contribute to its extensive application in the characterization of materials ([@b3-epj-08-2531]). Different nanocomposite formations, such as intercalation, exfoliation, and dispersion, conventionally have been studied by XRD ([@b14-epj-08-2531]). The XRD technique traditionally has been used especially for characterizing montmorillonite exfoliation in polymer materials used in packaging applications ([@b51-epj-08-2531]). The supporting method, UV-vis spectroscopy, has been used extensively due to its cost effectiveness and ease of operation. This technique confers information about the presence of nanoparticles and their characterization ([@b3-epj-08-2531]). Nanomaterial quantitation in food packaging applications also is a vital issue because of safety concerns. For this purpose, migrated nanomaterial can be probed through inductively coupled plasma mass spectrometry (ICP-MS), inductively coupled plasma atomic emission spectrometry (ICP-AES), and inductively coupled plasma optical emission spectrometry (ICP-OES), which are three important techniques for quantification and elemental analyses ([@b3-epj-08-2531]). The advantages of these methods include their high selectivity, sensitivity, and accuracy. Using these methods, nanoparticles can be detected in amounts as low as 0.1--10 ppm ([@b3-epj-08-2531]). Introducing nanomaterial into the ICP, a beam of gaseous ions is produced by the atoms of the analyte in the plasma, resulting in an individual pulse measured by the detector, which appears as a peak on the graph ([@b52-epj-08-2531]). Prior to injecting the sample, a digestion process is required because the presence of food components could impede good atomization of the sample ([@b3-epj-08-2531]). An alternative approach to ICP is atomic absorption spectrometry (AAS) for the detection of nanomaterial. In many cases, AAS is used for the quantitative determination of chemical elements within samples, such as food, by measuring the absorption of optical radiation (light) by free atoms in the gaseous state. However, analysis of more than one element is not possible by AAS ([@b53-epj-08-2531]).

2.6. Nanomaterial migration into food matrix
--------------------------------------------

One of the critical issues in food packaging is migration. Migration is the unintentional transfer of packaging materials into the food. This problem may influence the food's safety and, subsequently, consumers' health ([@b54-epj-08-2531]). It also can cause undesirable organoleptic changes in the food that is in contact with the packaging. For example, migration of TiO2 into lipid matrix results in rancidity ([@b55-epj-08-2531]). Nevertheless, in some active packaging, nanomaterials are intended to be released deliberately. Performing migration tests under controlled conditions is essential for evaluating the possibility of the nanomaterials' incorporation into food packaging and also assessing the associated safety problems. The analysis condition depends on the type of food matrix or food simulant being tested ([@b3-epj-08-2531]). Different factors impact the migration of nanomaterials into foodstuffs. These factors can be ascribed to the nanoparticles' properties (e.g., concentration, particle size, molecular weight, solubility, and diffusivity in the polymer), environmental conditions (temperature, mechanical stress), food condition (pH value, composition), packaging characteristics (polymer structure and viscosity), and contact time ([@b3-epj-08-2531]). For instance, higher temperatures and lower pH values increase the solubility of metal nanomaterials in aqueous solution, leading to an increase in their migration ([@b56-epj-08-2531]). Low molecular weight polymers that have more free volume accelerate the migration rate and nanoparticles' diffusivity ([@b57-epj-08-2531]). There also is an inverse relationship between the migration rate of a system and the size of the nanoparticles ([@b38-epj-08-2531]). If the nature of the food is compatible with the type of packaging, the food itself may be absorbed into the polymer matrix, enlarging the gaps between the polymer chains, thereby increasing the migration rate ([@b3-epj-08-2531]). For example, fats have high affinity for polyethylene (PE) and polypropylene (PP), so they may be absorbed by the packaging and cause an increase in plastic mobility and higher migration rates ([@b3-epj-08-2531]). The preservation method of foods also is important and can affect nanoparticles' migration. It has been reported that microwave heating causes structural modification of the packaging, thereby speeding up the migration of silver ions ([@b52-epj-08-2531]). High surface-to-volume ratios in nanomaterials induce an active surface chemistry followed by probably unwanted chemical reactions. This would be troublesome if their presence in the packaging enhances the formation of unforeseen reaction by-products during processing ([@b58-epj-08-2531]). Nanoparticles also can impact the migration of other packaging constituents, either speeding up or slowing down their migration. To perform migration analysis, the best approach is to use actual food matrices. However, it would be very tedious and difficult to directly estimate the amount of migration into real food matrices due to complex composition of foodstuffs. As a solution to this problem, using natural food stimulants has become an alternative method to measure the specific and overall migration of different packaging substances into foods ([@b59-epj-08-2531]). The amount and rate of mass transport in the selected food stimulants should be similar to those that occur in the food matrix ([@b60-epj-08-2531]).

2.7. Concerns about nanocomposite packaging
-------------------------------------------

The most challenging concern about the use of nanoparticles pertains to their reduced particle size, because the chemical and physical characteristics of such tiny materials may be quite different from their macro scale counterparts ([@b3-epj-08-2531]). This implies that issues concerning their toxicity may be different based on their very small sizes ([@b61-epj-08-2531]). This is a very serious problem, because GRAS (generally recognized as safe) decisions probably have been made without any consideration of the size or the related safety evaluations ([@b3-epj-08-2531]). It has been reported that some nanomaterials are potentially harmful to human health. However, there is still insufficient proof concerning whether this is attributable to any kind of nanomaterial applications, especially in the food industry ([@b3-epj-08-2531]). Before confirming the safety of nanomaterials, it has been recommended by the Institute of Food Science and Technology (IFST) that nanomaterial be treated as potentially dangerous materials in order to lessen their possible adverse effects on human health. One of the responsibilities of the Food and Drug Administration (FDA) is to prove the safety of nanoscale products ([@b62-epj-08-2531]). The FDA foundation, for nano-based products are being assessed case-by-case according approved standard. Nevertheless, since there is no labeling prerequisites for such products that state whether nanotechnology has been used in their production, it would be difficult for the FDA to evaluate their safety ([@b63-epj-08-2531]). Present legislation considers that there is no difference between so-called nano-produced materials and those made by ordinary manufacturing approaches. As a result, nano-based material for packaging are not evaluated as new chemicals, and, thus, specific or overall migration limits into food that is in contact with nanomaterials have not been defined ([@b59-epj-08-2531]). Regulating principles about migration limits of different plastics into food matrices are applicable for nanoparticles. Even so, this would not fulfill the increasing for food safety due to differences in the physicochemical characteristics of nano and macro-scale components, which cause them to exhibit different safe limits for their migrations ([@b3-epj-08-2531]). Jen-Yi Huang reported that, currently, there are no internationally agreed-to research protocols or standards concerning nanomaterials ([@b3-epj-08-2531]).

3. Conclusions
==============

In food packaging, the use of biodegradable or natural polymers is restricted because of their poor barrier and mechanical properties. By incorporation of even low percentages of nanofillers, such as clay, into these biopolymers, a considerable improvement in general performance can be achieved. This includes mechanical, thermal, and barrier properties. Moreover, nanoparticles could impart as their active or intelligent properties to food packaging so that they can preserve the food against external factors and increase the food's stability through antimicrobial properties and/or responding to environmental changes. In spite of several advantages of nanomaterials, their use in food packaging may cause safety problems to human health since they exhibit different physicochemical properties from their macro-scale chemical counterparts. For studying the effect of nanoparticles on human health, more research is needed and identification, characterization, and quantification of the nanoparticles are prerequisite steps. Migration possibilities and safety control of the nano-packaged foods also are crucial. Unfortunately, present legislation does not distinguish nanotechnology-produced materials from those made by ordinary manufacturing approaches.
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###### 

Types and characteristics of nanofillers ([@b11-epj-08-2531])

  Type of Nanofiller                 Morphology/Structure                                                                                   Typical dimensions\*                                                                                               Density
  ---------------------------------- ------------------------------------------------------------------------------------------------------ ------------------------------------------------------------------------------------------------------------------ ---------------------------------------------------------------------------
  Montmorillonite (MMT)              Platelets                                                                                              D: 100--500 nm, T:\~ 1nm [a](#tfn2-epj-08-2531){ref-type="table-fn"}                                               \~ 2.6 g cm^−3^
  Layered double hydroxide (LDH)     Platelets with distinct hexagonal shape                                                                D: 50-few hundred nm, T: \~0.5 nm[a](#tfn2-epj-08-2531){ref-type="table-fn"}                                       1.5 g cm^−3^
  Carbon nanotubes (CNT)             Tubular, seamless cylinder of graphene sheet                                                           L: up to tens of μm, D: \~ 1/5/20 nm[b](#tfn3-epj-08-2531){ref-type="table-fn"}                                    1.3--1.5/1.5/1.8--2.0 g cm^−3^[b](#tfn3-epj-08-2531){ref-type="table-fn"}
  Cellulose nanowhiskers (CNW)       Rod-like                                                                                               L: 100 nm-few μm, D: 2--10 nm                                                                                      \~ 1.6 g cm^−3^
  Microfibrillated cellulose (MFC)   Highly fibrous network consisting of bundles of nanofibrils                                            L: few μm, D: 10--100 nm                                                                                           \~ 1.6 g cm^−3^
  Bacterial cellulose (BS)           Ribbon-shaped nanofibers[c](#tfn4-epj-08-2531){ref-type="table-fn"} forming a highly fibrous network   L: few μm, W: 50--150 nm, T: 5--10 nm                                                                              \~ 1.6 g cm^−3^
  Chitin whiskers (CHW)              Slender rods                                                                                           L: 50--650 nm[d](#tfn5-epj-08-2531){ref-type="table-fn"}, D: 4--80 nm[d](#tfn5-epj-08-2531){ref-type="table-fn"}   \~ 1.5 g cm^−3^
  Starch nanocrystals (SNC)          Platelet-like Nanoparticles; often forming few μm size aggregates                                      L: 20--150 nm[d](#tfn5-epj-08-2531){ref-type="table-fn"}, W: 15--30 nm, T 6--8 nm                                  \~ 1.55 g cm^−3^

L: length; w: width; T: thickness; D: diameter;

thickness of a single platelet;

for single-, double- and multi-walled CNTs, respectively;

aggregates of individual nanofibrils;

depending on raw material's origin
